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ABSTRACT

On the basis of a parton model studied earlier we consider the
production process of large mass lepton pairs from hadron-hadron
inelastic collisions in the limiting region, s —co, QZ/ s finite, Qz
and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and
connections with deep inelastic electron scattering are discussed.
In particular, a rapidly decreasing cross section as Qz/ s—1 is
predicted as a consequence of the observed rapid fall-off of the in-

elastic scattering structure function sz near threshold.
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Feynman's parto_n model1 for deep inelastic weak or clectromagnetic processes is
an expression of the impulse approximation as applicd to elementary particle interactions.
In order to apply the impulse approximation we demand the following. We analyze the
bound system — be it a nucleon or nucleus — interms of its constitutents, called "partons.™
Nucleons are the '"partons’ of the nucleus and the "partons' of a nucleon itself are still to
be deciphered. If we specifythe kinematics so thatthe partons canbetreated as instanta-
neously free during the sudden pulse carrying the large energy transfer from the projectile
(or lepton) then we canneglect their binding effects during the interactionand we can treat
the kinematics of the collision as betweentwo free particles — the projectile and the parton.
Moreover if we are inakinematic regime so that energy is approximately conserved along
with momentum across the interaction vertex of the parton with the weak or electromagnetic
current, the conditions for applying the impulse approximation are satisfied.

The Bjorken limiting region2 satisfies this condition for the deep inelastic electron
scattering from protons as viewed from a certainclass of P— 0, or infinite momentum
frames. The '"partons' constituting a protonare strongly bound together as viewed in the
restframe. However iftheir bound state canbe formed primarily by momentum compo-
nents that are limited in magnitude below some fixed maximum — i.e., ifthereexists a
finite k —thenasviewedinan infinite momentum frame these parton states are long
lived by virture of the characteristic time dilation. The derivation of this intuitively
appealing picture from a canonical quantum field, modified by imposing a maximum con-
straint onk,, has beendiscussedas well as its applicability to the particular class of
amplitudes with ''good currents. " Inparticular, the ratio Q2 /2My, where Q?‘ > 0 isthe
negative of the square of the invariant momentum transfer andq - P=My, measures the
fraction XEQ2 /2My of the longitudinal momentum on the parton from which the electron
scatters andis a finite fraction 0<x<1 in the Bjorken limit.

It is easy to show that the ratio x must be finite in order to apply the impulse approxi-

mation. Otherwise as x approachesverycloseto0or1we will be forcedtodealwithvery



slow partons in the P—w system, or, as scen in the rest system of the proton, with
the high momentum extremities of the bound state structure, and for these the impulse
approximation breaks down.

The beauty of the electron scattering is that it allows us to "tune'* the mass of the virtual
photon line as we choose toprobe finite x. However whenwe return to the world of only real
external hadrons, we havenolarge mass since Q2—>M2 while 2Mpy—s the total collision
energy. Inthiscase x becomesvery small1 — or "wee." Our condition for applying the
impulse approximation also fails and the value of the parton concept is less certain. 4 The
impulse approximationalso applies to electron-positron pair annihilation into a specific
hadron H plus anything else: e+ +e —H+ "anything" inthe deep inelastic region of large
lepton pair mass squared q2 and large invariant energy transferv. Inaninfinite momentum
frame of the detected hadron, this process canbe described as the creation of an essentially
free parton-anti-partonpair andits subsequent decay into final states.

If we want to find other processes which satisfy the kinematical constraints allowing
application of the impulse approximation we needlook for interactions at high energies s
which absorb or produce a lepton system of huge mass Q2 such that the ratio Qz/ s isfinite.
Anobservable class of processes meeting this requirement is production of massive lepton
pairs inhadron-hadroncollisions, 5 viz

p+p- W)+ .. | (1)
Our remarks apply equally to any colliding pair such as (pp), (Pp), (7p), (yp)andto final
leptons (p.+u_), (€€), (uv), and (ev).

What is going onhere can be best illustrated in a center-of-mass frame. Ifa massive
state with Q2~ s emerges from one of the colliding protons (A) or (B) asinFig. 1la, itis
impossible to satisfy both energy and momentum conservation inthe overall collision and
at the same time exchange only "wee'" partons between (A) and (B). 6 Hence this process
will not be related directly to the total nucleon-nucleon cross section7 inwhich, asdis-

cussed by Feynman, itis the "wee' partonswith x~1 GeV/\/g that can't tell "right"
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from "left" in Fig. 1a thatare responsible for Ope In contrast the dominant amplitude
in (1) ina model of the nucleon with a finite momentum kmax inits ground state structure
will be the production of the massive lepton pair by annihilation of an anti-parton-parton
pair as illustratedin Fig. 1b. Viewedfrom the center-of-massframeahard(i.e., non-
"'wee'') partonmoving tothe right, say, annihilates ona similar antiparton headedto the
left and the resulting system is very massive since their energies add wheras their mo-
menta subtract. Itiseasytoshow thatifapairof mass QZ is formead
Q2 = XX, 83 0<x1’2< 1 (2)

where Xl, o are the fractions of the longitudinal momenta of their respective hadrons
carried by the annihilating partonpair. Clearly for finite Qz/ s oneishere dealingwith
hardpartons and with the same region of momenta as probed by deep inelastic scattering
experiments which measure the parton distributioninx= Q2 /2Myp. Inthisprocesswe
are measuring over a range of their values as constrained by (2) for fixed Q2 /s.

We now turn foa calculation of (1) in the deep inelastic region of finite = Q2 /s with
s—w. The general expressionforthe crosssectionis

2 2 2
_d_‘fz_ =<_—_4”0‘2 1o 2 <1+ 2‘2 > - wQ’,s) (3)
dQ 3Q Q Q \/[S 2 2

- (M,+M,) ][s - (M,-M,) ]

where a spin average is understood and

w(@Q”,5)=-167" £ E qu) 5(e2-Q% flax 7o (e, P 3,09 #(0)] P, plm

=—167r2E E2 (dq) S(q -Q )Z (27r 8 (P +P 04~ ~P ) X

x <p i 310> Gala? |2 UM (4)

In(4) E;, R 1, My and_Ez, Dy, M, are the energies, momenta, and masses of the two
initialhadrons and mis the muon mass. Sincewewill directly imitate the steps inour
preceding analyses of deep inelastic processes” we first define a true infinite momentum

frame by boosting from the collision center-of-mass frame by a velocity §/V1-8~ = 2P/‘/g
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incident colliding hadrons are then, for s>>M2

P‘{=(P+§§P_,l\/§, 0, P)

PZ=(P+-‘§’P-,-%\/§, 0, ). 5
We cannow let P+ for large but finite s: P>>\/§>>M. The energy in the collisionis
represented by a transverse momentum mismatch of the colliding hadrons. For aparton,
or a baryon or meson quantum in our field theory model, to be exchanged between them
without introducing an asymptotically large momentum transverse to either of the two
hadronlines, the parton momentum is restrictedtoafraction ~M//s_ along the P axis
andtoa finite value ~M orthogonal toit. This constraint corresponds to the "wee! parton
condition in the center-of-mass frame of the colliding hadrons. Inthe P~ frame (5) this
constraint satisfies the condition of finite transverse momentum imposed on our field
theory model.

In this frame8 we can repeat steps developed in earlier work of undressing the
current operator by the U matrix: J“(O) = U—1 ju(O) U where jM(O) is the current
operator expressed in terms of free fields. Furthermore the energy differences
between the eigenstate IPngn)> and the components of UlPlP(zin)> can be ignored
in the limit s -~ for Qz/s finite; the same is tfue for In> and Uln). This is so
because the invariant mass of the individual system of particles moving along Bl
and »122 respectively in (5), or tothe right and left in the center-of-mass frame, is
finite as a result of the transverse momentum cutoff imposed. This mass is thus
negligible compared with the invariant mass 1/2 \/—s appearing in (5). In other words
the impulse approximation is good and energy as well as momentum is conserved
across the electromagnetic current vertex in (4). This leads to the simplification

of (4) in the Limbj for P—ew; s >>M2; Qz/s finite to

. .2 2 2 -iqx . i
Lim W= -167" E B, f g 8(q°-Q7) f (dx) ¢ 1q\<U(P1P2)m] 3,0 J“(O)IU(PZPI)m) (6)



and in our model, as described in earlier work, to a factorization of the U matrix

in
lu@,P)"> = lup,> lup, > 7
Proceeding in analogy with II, Egs. 72- 78 we find for the annihilation of a boson

pair (the same result obtains for a fermion pair with spin averaging)

) f(dq) 5(a°-Q%) f(dx)e 1 e kol 9 ,(0) gl >

4. [.2 p) -2
= (2m) 8 1Q" - (k +k,) (k,-k.) (k,-k
[ 172 ](2m6(2w1) (2w, 1720 1 2’”
2
=—-22\——' 6(X1X2" T); T = QZ/S <1
167 ElEz

where 7\2 is the square of the charge of an individual parton and we have used the

high energy approximation for the dominant large components of the momenta

k’i = le'{ s k‘; = szI;. Inserting the identity

o 2o

0 1/70 2 1 2

we have

i = 2o T8 G 2 @)olek )

172
1 1
<UP1|8(xl’a—ai)lUP1><UP2|8<X2,E—a)—;)IUP2> (8)

where the summation over types of partons with charges )\a pairs a parton of type
a in |UP1> with its anti-parton a in [UP2> and vice versa. By comparison with

(78), (79), and (80) of II we see that (8) can be rewritten as

F(7) ‘2(7\ ) 2f de f 40,80y~ ) Pyl Fygley) ®)

(Ay)
in terms of the invariant structure functions FZa(wl) =p W2 2" introduced in the

deep inelastic scattering analyses (see (78) of II) for w 1 times the probability of finding
parton of type a inthe proton (or hadron Ay with a momentum {raction X) = 1/w 1 F"z_,i(wz)
has the same significance for the corresponding anti-partondistribution in hadron (B).
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The differential cross section (3) now assumes the simple form in the scaling limit

(5 o L T s o

dQ 3Q
where we have rewritten the invariant structure functions in terms of momentum
fraction x. 47ra2/ 3Q2 is just the total cross section for ee annihilation into (point)
muon pairs in the relativistic limit.
Equation (10) isthe central result of this letter and is a formal expression of our
earlierdiscussion. Weconclude with several remarks about general features of this result:
1. The observed9 rapid decrease of the inelastic structure functions
Fz(x) = sz as x— 1 leads in (2) and (10) to a prediction of a very rapid falloff
in &(7) with increasing =Q2/ s . If we assume that the parton and anti-parton
have identical momentum distributions in the proton and this is common for all
parton types A, we can compute da'/sz directly from measured Fz(x) , finding
a very rapid falloff in the cross section as shown in Fig. 2, even though the model
consists of point-like constituents. This is in qualitative accord with preliminary
experimental findings. >
2, The angular distribution of the vector q=Dp, *+Db., the total momentum
of the muon pair, is peaked along the incident nucleon's direction in the lab sys-
tem. This follows from the observation that q . P1= (x,. P, +x P

1
1F1 ) Py =3 X8

is an invariant and in terms of laboratory variables q - PIEElq (1-cos 0), with

ME és,so that 1 - cos(9~0(1/q)

3. The virtual photon will be predominantly transversely polarizedifitis
formed by annihilation of spin 1/2 parton-antiparton pairs. This means a distri-
butioninthe di-muonrest system varying as (1+00529) rather than sin29 as found in
Sakurai' s10 vector dominance model where 0 is the angle of the muon with respect to
the timcelike photon momentum. The model used in Fig. 2 assumed identical parton-
antipartondistributions and hence the spin 1/2 partons play the predominant role as in

the scattering experiments. 9



4. Thefull range of proccsses of the type (1) with incident p, p, 7, K, v, etc.,
affords the intercsting possibility of comparing their parton and anti-parton structures.
[In particular no relation between the parton and anti-parton spectra need be assumed,
aswedidin Fig. 2, for aninitial pp state ] Not only are the variations important but so
are the cross section magnitudes as measures of effective A's.

5. The factoringin (7) is possible only because "wee' parton exchanges are absent
inour model for processes with hard partons towhich an impulse approximation applics.
This would not be the case if our theoretical model were enlarged to include a ''wee"
region of prominence (perhaps due to neutral vector exchanges). Presumably such
quanta are needed to generate Feynman's spectrum of "wee' or infrared quanta, dx/x
for explaining real hadron croés sections. 11 Since the impulse condition does not
apply in these interactions we cannot compute purely hadronic processes by our
techniques as in (6). However we can ask what implications there will be for our
results for massive lepton pair production if such ""wee'" quanta are introduced and
modify (7) by initial state interactions.

For example, suppose we include the ''wee’' parton exchanges between the two systems
(A) and (B) before or after the parton-anti-parton annihilation takes place. Precisely
because the transferred momenta are ''wee, " these interactions can change the invariant
mass of individual groups (A) and (B) in Fig. 1 only by finite amount and the fractions of
their longitudinal momenta by order of 1 GeV/\/_S . Thesecorrections therefore donot
affect our arguments leading to (6) which in turn implies (2) andnthe general scaling (9).
Therefore although the invariant function .7 (7) will be modified from (9) by the "wee"
exchanges, thegeneral scaling property will not be affected. Basedonthis observation
we wouldlike to emphasize that although "wee' exchanges must survive at infinite energies
to account for anonvanishing total cross section of hadron-hadron collisions, they are
not relevant to the Bjorken scaling behavior of deep inelastic leptonprocesses such as

electron scattering, electron-positron annihilation and the massive muon pair production



inproton-proton scattering consideredhere. A nontrivial Bjorken scaling behavior and
the validity of the impulse approximation for these processes are independent of whether

or not the total cross sectionfor hadrons vanishes athigh energies.
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FIGURE CAPTIONS

(a)--Production of a massive pair Q2 from one of the hadrons in a high energy
collision. In this case it is kinematically impossible to exchange "wee' partons

only. (b)--Production of a massive pair by parton anti-parton annihilation.

9—0—-2 computed from Eq. (10) assuming identical parton and anti-parton mo-

dQ

mentum distributions and with relative normalization.
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